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Endohedral fullerenes which have atoms inside the C60 cage have attracted great 
current interest in the physical and/or chemical properties.  However, the production rate 
of the endohedral C60 is quite low compared to the ordinary C60 .  For pre-exisiting C60, 
Saunders1) have demonstrated the possibility of incorporating noble-gas atoms into 
fullerenes under high-pressure and high-temperature conditions.  Braun et al.2) have 
produced an atom-doped C60 by using the prompt-gamma or particle recoil induced by 
neutron irradiation.  However, only partial information on the formation process, on the 
produced materials, and on the nature of the chemical interaction between a foreign atom 
and a fullerene cage have been established. 
So far, we examined the production of fullerene derivatives created when alkali, 
alkali-earth, transition metals, 3B-6B elements and noble-gas elements, were produced by 
nuclear reactions induced by irradiation of samples with high-energy bremsstrahlung or 
charged particles3-6).  We found that the radioactive Be, C, N, noble-gas elements and 
3B-6B elements can be doped in fullerenes. Such radioactive fullerenes and their 
derivatives are of considerable interest not only for following the location and metabolism 
of these substances in living organisms7-9) but also for nuclear waste disposal applications 
where the fullerene may serve as a nano-container of radioactivities10). 
Here, we show that even a heavy nuclide like the 210Po isotope can be inserted 
into C60 from outside of the cage by nuclear recoil.  In order to theoretically check the 
possibility of direct insertion, we carried out it it ab initio molecular-dynamics (MD) 
simulations based on the all-electron mixed-basis approach11). 
To produce the source of radioactive nuclides, Bi2O3 was used in powder form. 
The grain size of the materials was smaller than 20 μm. Purified fullerene (C60) was 
carefully mixed with each material (weight ratio=1:1) in an agate mortar, adding a few ml 
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of carbon disulfide (CS2).  After drying up, about 100 mg of the mixture sample was 
wrapped in a pure aluminum foil of 10 mum in thickness for irradiation. Irradiation with 16 
MeV deuterons was performed at the Cyclotron Radio-Isotope Center, Tohoku University.  
The beam current was typically 1 μA and the irradiation time was about 5 hours.  Only 
210Po (α-source) can be produced in the 209Bi(d,n) reaction.  The radionuclide produced, its 
characteristic α-ray, its half-life, and the nuclear reaction are 5.3 MeV, 139 days and 
209Bi(d,n)210Po, respectively.  The sample was dissolved in CS2 and filtered through a 
Millipore filter(pore size=0.2 μm) to remove insoluble materials.  The soluble portion was 
injected into a HPLC device equipped with a 5PBB (Cosmosil) at a flow rate of 3 ml/min.  
For the confirmation of fullerenes and their derivatives, a UV detector was installed with a 
wavelength of 400 nm. In order to measure the α-rays emanating from 210Po,  eluent 
fractions were collected for 30 sec intervals.  After drying up the CS2 solvent on a 
stainless-steel plate, the 5.3 MeV α-ray activities from 210Po of each fraction were measured 
in a vacuum chamber with a silicon surface-barrier detector (SSD) coupled to a 
1024-channel pulse-height analyzer.  Therefore, radioactive 210Po could be uniquely 
detected by means of its characteristic α-rays.  
Figure 1 shows for materials inserted into C60 samples, a radiochromatogram 
measured with an α-detector and a chromatogram measured with an UV detector, both 
plotted versus retention time after injection.  A clear correlation between the 
UV-absorption intensity and the α counting rate in the 6.5-7 minute interval is seen in Fig. 1.  
From the correlation of the elution behavior between the UV chromatogram and the 
radioactivities of the 210Po atoms, we found that the atom-doped fullerene 210PoC60 was 
indeed produced by nuclear recoil implantation. 
In order to theoretically check the possibility of direct insertion, we turn our 
attention to the it ab initio molecular dynamics simulations.  The method used here is 
based on the all-electron mixed basis approach11) using both plane waves (PW's) and atomic 
orbitals (AO's) as a basis set within the framework of the local density approximation 
(LDA) in density functional theory.  For the LDA exchange-correlation function, we adopt 
Ceperley-Alder's fitting form.  In the present study, we have recently implemented in our 
program the AO's with the f symmetry including a semi-relativistic effect in order to treat 
the Po atom.  To generate the f AO's as well as the s, p and d AO's defined inside the 
non-overlapping atomic spheres, we use an atomic program based on Herman-Skillman's 
framework with logarithmic radial meshes.  We use a supercell composed of 64×64×64 
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meshes (with a mesh corresponding to 0.196 Å), in which we put one C60 molecule and one 
Po atom at a distance 1.50 Å outside from the center of a six-membered ring of C60.  For 
the present system, we use 339 AO's and 4169 PW's corresponding to a 7 Ry cutoff energy.  
For dynamics, we use an adiabatic approximation, and set the basic time step as Δt= 0.1 fs 
and perform five steepest descent (SD) iterations after each update of atomic positions.  
The Po atom has a given initial velocity toward the center of the six-membered ring of C60. 
We do not impose any velocity control, so that the system is almost microcanonical with 
little energy dissipation from the SD algorithm.  Fig. 2 represents several snapshots of our 
simulation where Po hits the center of the topmost six-membered ring with the 40 eV initial 
kinetic energy.  It is very surprising that such large atoms as Po can be so easily 
encapsulated from the outside.  Thus we find that Po is successfully encapsulated and 
Po@C60 is created. 
To check the amount of 210Po@C60 produced, we performed three times 
extractions in CS2 solvent using an ultrasonic generator for the sample irradiated.  The 
result of the alpha-spectrometry in each fraction is shown in the inserted figure in Fig. 1. 
Even though there is a slight delay in the chromatogram, populations of 210Po were seen in 
the 6.5-7 min and 8-9 min intervals.  It was found that the amounts of the soluble materials 
extracted in the three-times extraction were about twenty times greater than in the one-time 
extractions in the CS2 solvent.  The observation of the second peak (8-9 min) corroborates 
the formation of endohedral fullerene dimers with encapsulated radionuclides, namely 
210Po@C60-C60.  It seems that the shock of the collisions produces fullerene dimers through 
interactions with a neighboring fullerene cage. 
In the present study, radioactive nuclides are produced by (d,n) reactions.  The 
energetic nuclides should destroy the fullerene cages because the K.E. is estimated to be of 
a quite different order of magnitude than the energies (eVs) of molecular bonding.  
Therefore, the atoms being produced escape from their own material due to the K.E. of 
about a few hundred kiloelectron volts.  Then, the kinetic energies are reduced in the 
sample to a magnitude which is appropriate for the fusion.  Finally, the radionuclides hit 
the C60 cages and stop in the cage (formation of endohedral fullerene) and, furthermore, the 
shock produces fullerene polymers by interaction with a neighboring fullerene cage. 
Such endohedral fullerenes can serve as a nano-containers of radioactivities and 
deliver them to the objective tissues in various metabolic pathways.  Here, 210Po@C60 
molecules can be easily broken to pieces due to the energy release of α-ray (5.3 MeV) from 
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210Po and that from the residual nuclide (206Pb, a few hundred keV).  And, the α-ray may 
attack the objective tissues in the body following the explosion of the nano-container (C60).  
Furthermore, if the complex isotopes 207Po(positron emitter) and 210Po and/or 206Po(α 
emitter) are used, it can be followed the metabolic pathway by the annihilation γ-rays with a 
Positron Emission Tomography (PET).  Therefore, if a suitable preparative technique 
could be developed, there may be valuable applications of these in nuclear medicine and/or 
as tracers.  Recent advances in fullerene chemistry may also make it possible to control 
fullerene absorption/excretion profiles in the future. 
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Fig. 1.  HPLC elution behavior of the soluble portion of the crude extracted in the deuteron irradiated sample 
of C60+Bi2O3. Plotted versus the retention time along the horizontal axis is a histogram of the alpha counting 
rate (in counts/s) measured with a solid-state Si-detector and a solid curve representing a chromatogram 
measured with a UV-detector.  (The Inserted figure is for three-times-extraction in CS2 using an ultrasonic 
apparatus.)  
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Fig. 2  Simulation of Po hitting the center of a six-membered ring of C60 with a kinetic energy of 40 eV. Here, 
the local skeleton disappears from the figure when the bond-length is elongated by more than 1.5 Å. 
